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ABSTRACT

Corrosion presents an inherent challenge in the safe and effective use of metallic aerospace structures for extended periods of time. Progress in the fundamental understanding of corrosion initiation and propagation under stress requires a multi-scale approach that leverages experiments
to develop predictive models. Although there exists a large amount of research results tracking
the corrosive processes of anodic dissolution and hydrogen embrittlement, the amount of available data and modeling of the micro-scale initiation of corrosion is sparse. This work leverages a
suite of characterization techniques to systematically analyze an aerospace grade aluminum alloy
AA7075-T6, providing important multi-scale data for correlation with overall corrosion progression. Samples were exposed to 3.5% NaCl solution at various exposure times under loading with
a micro-tensile system. Optical microscopy, Raman spectroscopy and Energy Dispersive X-ray
Analysis provided spatial maps of the visual and chemical alloy signatures before, during, and after
failure, to analyze and track the progression of corrosion. An experimental setup for in-situ Digital Image Correlation (DIC) was developed to provide strain maps to study local concentrations
around corrosion pits and quantify the impact on the material tensile performance. The material
morphology and composition from these measurements identified localized oxide formations at a
high spatial resolution that can be used to quantify the corrosion rates. Meanwhile, in-situ DIC
measurements provided results showing stress concentrations formed by the corrosion pits and
the reduced mechanical performance with exposure. The results demonstrate that multiple factors
affect corrosion susceptibility and material deterioration, and highlight the need to overcome experimental challenges in quantifying these factors distinctly. This work demonstrates the capacity
for highly detailed analysis of corrosion initiation and propagation in affected alloys using the processes outlined in the systematic study. The outcomes provide a pathway to address methods for
maintaining the integrity of these alloys and extending their lifespan.
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CHAPTER 1: INTRODUCTION

1.1

Corrosion of Aircraft Structures

In the aircraft industry, Aluminum alloys are used extensively due to their high strength-to-weight
ratio, excellent formability and good machinability. High-strength aluminum alloys are commonly
used for primary airframe structures such as fuselage skins, stringers and frames; wing and empennage skins, spars and ribs; mechanical systems including landing gear legs, cylinders, forks and
struts and fluid systems such as pressure vessels and connectors [2]. The principal alloy groups
used for these high-performance structures are generally based on the Al-Cu-Mg (2000 series) and
Al-Zn-Mg-Cu (7000 series) alloy systems. Specifically high strength Al-alloys are susceptible to
localized corrosion known as stress corrosion cracking (SCC). In the late 1960s, the estimated
number of stress corrosion service failures reported of aerospace products in Western Europe and
North America was close to 700. High strength aluminum alloys were the prevalent contributor
and of these with alloys 7079-T6, 7075-T6, and 2024-T3 contributing to more than 90% of the
service failures reported [3]. While the reported failures were not catastrophic in nature, the potential impact on safety, if left unaddressed, and the economic losses from replacement of parts and
downtime of the aircraft were significant. Aircraft inspection and repair directives, for example,
addressed SCC related failure of main landing gear forward trunnion bearing support fittings in
some accidents and the detection of spanwise stress corrosion cracking of the upper chord of the
rear spar of the wing in Boeing 727 aircraft [4, 5]. Some spacecraft examples were reported during assembly, test or pre-launch include Saturn IB and Saturn V components and Lunar Module
fittings [6]. For many reported failures in the aerospace industry, the initiation sites ranged from
design stress raisers such as holes to corrosion pits and fatigue cracks. The sources of stress were
mostly residual caused by heat treatment and fabrication, followed by installation stresses from fit-
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ting and finally service stresses often amplified by stress raisers. Heat treatment plays a significant
role in formation and organization of the constituent particles to attain high strength in aluminum
alloys as seen in the desirable mechanical properties of the peak-aged (T6) condition of 7075
alloys. The early failures led to developments in heat-treatments, quenching rates and alloy chemistry, especially for 7000 series alloys leading to more SCC resistant tempering (T7XX) achieved
through overaging while using several multi-step heat treatments like retrogression and reaging to
maintain similar strengths [7]. However, these processes are limited to thin components since they
rely on conductivity and an overall solution to reducing SCC susceptibility is still lacking and must
be addressed with in-depth studies. In addition, although the aircraft industry has design guidelines
similar to NASA and ESA, that discourage the use of SCC-susceptible alloys, many aircraft, still
in use, have components made from the older alloys and in SCC-susceptible tempers [2] that must
be well-understood for monitoring. Corrosion protection of high strength aluminum alloys takes
the form of anodizing and painting, with some sheet materials incorporating sacrificial aluminum
cladding as an additional measure. Designing and evaluating protection systems require a greater
understanding of the intrinsic corrosion resistances of alloys. While SCC phenomenon of Al alloys
has been well documented, the actual mechanisms are complex, interdependent and not yet well
understood.

1.2

The Stress Corrosion Cracking environment

It is well known that for stress corrosion cracking to occur, three conditions have to be fulfilled:
The alloy must be susceptible to SCC, the environment must be damaging, and the stress (intensity) must be sufficient [3, 8]. The susceptibility of the alloy is often the result of manufacturing.
The rolling, forging and extrusion processes required to fabricate half-products and finished components cause the material grains to elongate in the direction of working or longitudinal, resulting
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in a “pancake” microstructure. The elongated grain boundaries are usually retained during subsequent heat-treatments and provide easy fracture paths, especially for SCC. The direction normal
to the pancake microstructure is called the short transverse (ST) direction [9], and SCC is favored
when there are sustained tensile stresses in this direction. This is often the case for residual stresses
introduced during heat-treatment [2]. SCC is studied using ASTM standards including those for
slow strain-rate testing (SSRT) to investigate the resistance of metallic materials to environmentally assisted cracking (EAC) [10] using methods for exposure of metals in Neutral 3.5% Sodium
Chloride Solution [11]. The 3.5 % NaCl alternate immersion procedure is a general, all-purpose
procedure that produces valid comparisons for most metals, particularly when specimens are exposed at high levels of applied stress or stress intensity [11]. NASA and ESA also have their
own guidelines and standards: these are particularly stringent owing to past experience [6]. All
the ASTM SCC standards base accelerated testing on the use of NaCl solutions and salt spray
similarly to NASA guidelines and ESA standards [12, 13]. SCC experiments utilize slow strain
rate tests for relatively rapid evaluation of materials, heat treatments, chemical constituents in the
environment, and temperature and chemical inhibitors that can affect the resistance of a material
to SCC. A slow rate of extension is applied to ensure that there is a continuing plastic strain at
the surface of the specimen, and encourages the initiation and growth of stress corrosion cracks.
The result of the test is evaluated in terms of the time taken for failure to occur, the extension at
failure or the appearance of the fracture surface [10]. The dynamic events in the SSRT require a
focus on in-situ measurements to accurately capture the mechanics of material response with time
and exposure. The small scale kinetic processes highlight the need for nanoscale, microscale and
macroscale measurements that have the ability to reveal the intrinsic behavior through imaging,
chemistry and mechanics.
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1.3

Multiscale nature of Stress Corrosion Cracking

The complexity of the SCC processes are in part influenced by the multi-scale nature of the problem. Studies on SCC monitor the thickness, weight and corrosion rates using electrochemical
measurements with sample exposure to environment. Many of the early macroscale measurements
demonstrated links between SCC susceptibility and solute content of the aluminum alloy, and provided data showing that variables affecting the SCC behavior may be significantly microstructural
in nature for a given composition [14]. The impact of microstructure on key underlying theories of
stress corrosion cracking has been published widely. Many of the key fundamental SCC initiation
and propagation mechanisms and theories presented in literature are explained through microstructural features including grain boundary precipitates (GBP), precipitate-free zones (PFZ) and solute
segregations of zinc or magnesium at the grain boundaries (GB) [15, 16, 17]. This highlights
the significance of the grain boundary constitution on the SCC behavior. The matrix precipitates,
dislocations, slip mode and the influence of the natural oxide layer are critical factors in the explanation of SCC failures [7]. The need for a multiscale approach to elucidate the mechanisms
of SCC has been highlighted and further advances to adopt in situ experimental characterization
strategies at the nanoscale combined with computational modeling will enhance progress in the
study of various phenomena encountered in corrosion [18, 19, 20, 21].
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MODEL OUTPUT

MODEL INPUT
Hydrogen Concentration(Unknown)
(pH measurement | indirect)
Strain history (Unknown)
(DIC)

Dominated mechanism of
initiation (can’t be measured)

Plasticity (Plastic Strain) (Unknown)
(Tomography [indirect thr. DIC –> εt-εε])

Alloy Mechanical Properties
(Known/Available)

Initiation Index/Probability
(can’t be measured)
MODEL

Surface precipitates/Inclusion
chemistry and size (Unknown)
(Optical/EDAX)

Probable location of
initiation (can be measured)

Environmental Conditions
(Known/Available)

Time/Load of initiation (can
be measured)

Grain Boundary chemistry and size (Unknown)
(Optical/EDAX)
Grain Boundary corrosion rate of precipitates
with and without stress (Unknown)
(Optical/DIC | Potentiometer/pH)

Colors indicate experimental capacity

Figure 1.1: A flowchart linking the experimental efforts to a cohesive model.

1.4

Corrosion Mechanics - Experiments and Models

There is a strong need to develop mechanistically-based models with the basic goal of predicting
the service lives of components with high confidence [22]. These models rely on parameters that
are require challenging but important characterization of processes occurring in situ over a range
of length-scales, with the sub-micrometer scale being particularly important [18, 23]. With both
experimental data and models on initiation and crack growth in conjunction with data and kinetics
models of corrosion pit formation, a corrosion damage tolerance procedure to predict the life of a
component can be developed [24, 25]. In the development of models to support these predictions
important experimental inputs are needed on pit to crack transition information. Crack initiation
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from the corrosion pit is the first stage after the pit formation which is a significant consumption
of fatigue life. Thus, the transition from pit to initiation and growth of crack is a very important kinetic process that warrants experimental study and capture [24]. Linear Elastic Fracture mechanics
material models must include significant information on the interactions between cracks that result
from the reorganization of the stress field ahead of the different cracks tips (stress concentration)
and crack flanks (stress shielding). This information has been successfully determined from insitu Digital Image correlation in conjunction with Acoustic emission and Electrochemical Noise
methods of measurement. The synergistic use of these three techniques allowed for the reliable
detection, monitoring and study of intergranular features in SCC that supports model development [26]. 4D Nanoscale Characterization provided results that support coarsening models and
potential for establishing new theories on dislocation–particle interactions to estimate precipitate
strengthening [27] Recognizing synergy and advances in microscopy and computational science
for modeling and performing physical characterization of atomistic and nanoscale processes related to SCC of materials, the Quantitative Micro-Nano Approach to SCC (QMN) approach was
presented to attain a global model of SCC on an atomistic basis and described as generally applicable to the investigation of a broad range of SCC systems [28]. Fundamental mechanism-based
models can be achieved with the help of advancements in atomic-scale characterization that would
fill the gap in knowledge of the critical pre-initiation conditions of SCC. The complex, kinetic,
empirical data needed for these models have driven innovation in many more experimental characterization methods that when used in combination provide unique revelations of the interdependent
mechanisms of SCC.
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1.5

Characterization needs for Stress Corrosion Cracking

Common SCC investigations are comprised of a SCC producing corrosion test, like the slow-strainrate test (SSRT) in Cl containing solutions. Stress corrosion susceptibility is measured by stress
corrosion crack velocity [1] which can be captured dynamically. While challenging to conduct,
in-situ measurements have been applied for the capture of various parameters and sometimes at
different scales with positive contributions to the scientific field [29, 30, 31]. For example, in-situ
detection of crack initiation by the direct current potential drop (DCPD) technique was used for
a study on Alloy 600 to reveal significant mechanical factors contributing to every stage leading
to practical SCC initiation [32]. In-situ characterization of corrosion fatigue in salt spray environment on aluminum alloys, incorporated DIC measurements to track the stress concentration caused
by corrosion pits that are expected to decrease of fatigue life. When combined with microscopy,
these measurements lead to important findings that highlight the competing effects of the hydrogen embrittlement and the crack tip closure effect caused by corrosion products [33]. In situ 3D
Synchrotron X-ray tomography was the method used to investigate the effects of microstructural
features on corrosion-pitting and corrosion fatigue with a focus on the inclusion particles, precipitates and tracking of hydrogen bubbles [34, 7]. Recent studies of in situ HS-AFM observations in
combination with complementary techniques can give important insights into the mechanisms of
SCC [35]. Vertical-scanning light interferometry was used in conjunction with Focused Ion Beam
(FIB) measurements to view corrosion initiation effects in 2D at nanometer resolution, capturing
the localized dissolution rate and morphology of the alloy matrix adjacent to cathodic and anodic
inclusions. These different studies demonstrate the potential of synergy of characterization techniques in providing key and varied data to address knowledge gaps that exist in the SCC research
community. In this regard, Raman spectroscopy studies on corrosion, although scarce in literature,
have the potential to shed light on the chemistry of corrosion with the quantification of phases and
capture of kinetics during the corrosion process. This method addresses the difficulty of quantify7

ing corrosion rates, by applying a unique system that directly couples Raman spectroscopy with
vertical scanning interferometry to assess the physical and chemical aspects of steel corrosion kinetics [36]. In another study, Raman microspectroscopy was used to observe actively corroding
aluminum alloy 2024-T3 directly in a solution containing NaCl and dilute chromate with the goal
of understanding corrosion control offered by this toxic chemical and finding alternatives for corrosion control. Raman spectra acquired in and near corrosion pits allowed identification of two
products the chromate interactions with the corroding alloy providing new insight on the potential
mechanisms of inhibition [37]. An important capability of Raman is the spatial correlation with
the chemical kinetics that can ideally quantify the formation of corrosion products around pits and
this can be achieved with high spatial resolution with Confocal Raman microscopy.

1.6

Overview of research

This research addresses the characterization needs in SCC to unravel some of the complex interactions between a number of parameters including metal composition and structure, exposure and
key mechanisms driving the initiation and propagation of SCC. The work aims to achieve this motivation by adopting a methodological approach in characterization that addresses the knowledge
gaps through the development of synergistic experimental setups to allow for multiscale and in-situ
data on the corrosion properties of a well-studied Aluminum alloy AL7075-T6 at a range of length
scales. The characterization methods of micro-DIC and Raman spectroscopy are proposed to be
integrated with SCC setups to bridge the gap between length scales. Raman spectroscopy provides
additional information about the phases of the corrosion products and nanoscale raman characterization has potential to greatly elucidate the initial appearances of corrosion products from phase
identification [36]. In addition, by producing Raman spectral maps and correlating the phase identification with spatial location available through confocal Raman measurements, rate variations
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that demonstrate areas of uniform corrosion to areas of high pit densities can be quantified and
subsequently visualized. In-situ Raman measurements can provide rate distribution over the detected area with respect to different domains and pitting rates. This powerful characterization can
provide comprehensive quantitative assessment of the characteristics of corrosion behavior. In
addition to Raman investigations, in-situ synchrotron studies have the added advantage of high
sensitivity in capturing the products of corrosion as they appear with time. The in situ sample
environment provides a powerful tool for fundamental understanding of corrosion mechanisms by
elucidating the substoichiometric oxide phases formed during the early stages of corrosion, which
can provide a better understanding of the oxidation process.

MICROSCALE ≈ 𝜇𝑚

MACROSCALE ≈ 𝑚𝑚

SEM Imaging

SEM Imaging

Mechanical Testing

DIC Imaging

SEM Imaging

EDAX Composition Mapping

Raman Spectroscopy

Figure 1.2: The techniques used, from a macro level to a micro level, to fully characterize a
specimen.

The following chapters outline the background, state of the art in research on SCC, experimental
methods and results and conclusions. Chapter 2 details the literature demonstrating the basis of
the theories on underlying mechanisms of SCC. It highlights the gap in knowledge of these mech9

anisms that can potentially be determined by a systematic characterization approach. Chapter 3
describes the development of this suite of characterization techniques that will cover the range
of scales to unravel the key kinetic processes of SCC. The initial efforts to collect, identify and
assess the key Raman spectral properties of AL7075-T6 corrosion products through the surface
chemistry in order to quantify measurement parameters for subsequent SCC investigation are documented in Chapter 4. Here, experimental efforts are focused on corrosion exposure only without
any loads and the Raman measurement outcomes are presented. Chapter 5 presents the study on
pre-corroded samples with different exposure conditions under strains for DIC measurement outcomes in combination with microscopy and Raman measurements. Conclusions and future plans
for in-situ studies are highlighted in Chapter 6.
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Phase 1
Experimental Goal of Phase:
Empirically determine chemical
composition of precipitates and
their
development
after
corrosion has occurred

Contributions towards Modeling
Efforts:
Outlines fundamental inputs
and conditions for corrosion
initiation mechanics

Phase 2
Experimental Goal of Phase:
In-situ
Optical,
micro-DIC,
Electrochemical, and Raman
measurements capturing the
initial and the evolution of
residual stresses concentrated
around inclusion sites of
compact tension specimens
under tensile load.
Contributions towards Modeling
Efforts:
Relates microstructure and
residual stress concentrations
and
how
these
stresses
develop in real-time within a
corrosive environment

Phase 3
Experimental Goal of Phase:
3D In-situ Tomography visually
resolving the growth rate of
early stage corrosion products,
hydrogen concentration, and
the development of strains and
stresses during the early
incubation stage of SCC
Contributions towards Modeling
Efforts:
Potentiodynamics, fully tracking
corrosion, stress, and hydrogen
concentration, and initiation
mechanics to be implemented
into model

Figure 1.3: The important goals to achieve in the experimental effort, divided into 3 distinct phases
of actionable items.
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CHAPTER 2: STRESS CORROSION CRACKING MECHANISMS

Stress corrosion cracking (SCC) is generally described as a phenomenon that results in brittle failure of alloys that are typically considered ductile, when they are exposed to a combined action of
surface tensile stress and corrosive environment, neither of which when operating separately could
cause damage [1]. In Al alloys, SCC is characteristically intergranular though some reports of
transgranular cracking have been published in the literature. It has been reported that aluminum alloy series 7xxx are sensitive to cooling rate and many researchers investigated the effect of cooling
rates on the stress corrosion cracking behavior of the alloys. A reduced cooling rate results in an
increase in the size and inter particle distance of the grain boundary precipitates with an increase in
width of the precipitate free zones. Unfortunately, this leads to a decrease of copper contents in the
grain boundary of precipitates and reduction of resistance to SCC [38]. Over the years, research
has developed the process of artificial (over)aging (T7XX) while maintaining the same strength
as older alloys in peak-aged (T6XX) conditions. Based on reviews of material performance, empirical composition guidelines for avoiding susceptibility to SCC have been developed [39] and
similar studies have been applied to newer alloys [40].

2.1

SCC models for Aluminum Alloys

The exact mechanism responsible for stress corrosion cracking of an aluminum alloy remains
controversial in a particular environment. There are three main theories [41, 42] that have been
the basis of nearly all SCC models: (1) Anodic dissolution which assumes that the cracking is due
to preferential corrosion along grain boundaries and is predominantly associated with slip bands;
(2) Hydrogen-induced cracking or hydrogen embrittlement theory suggests that atomic hydrogen
is absorbed and weakens the grain boundaries. (3) Rupture of the passive film attributes cracking
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to the rupturing of the passive film along the grain boundary. The factors that control the first two
are summarized in the literature [1, 43] and highlighted in Figure 2.1

Figure 2.1: List of factors for anodic dissolution and hydrogen embrittlement [1]

2.1.1

Anodic Dissolution

The anodic dissolution theory states that the main driving factor of SCC is explained by the weakening of the grain boundary by electrochemical dissolution, where ions are transferred between
multiple conductive elements with differing corrosive potentials. This occurs in AA 7075 primarily at inclusion sites, where the potential of the inclusion is significantly different than the
aluminum’s. When submerged in corrosive fluid, or any other fluid that readily promotes ionic
transport, the grain boundary begins to dissolve, and the alloy begins to weaken. This is accelerated by an applied stress state, leading to very rapid weakening of the grain boundary. The applied
loading condition then causes a intergranular failure. The rate at which the inclusion sites corrode
varies with their composition and the overall metal matrix. In 7075, iron and copper inclusions
corrode and begin dissolving much quicker than magnesium inclusions, since the magnesium inclusions are more anodic than the very cathodic iron and copper inclusions. [44] Historically, this
has been considered the main driving factor of SCC in 7075, but recent work on the effect of hydrogen and the embrittlement effect has caused a shift in mentality. However, it is understood that
along grain boundaries, anodic dissolution is the primary driving factor in the continuous weaken-
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ing and intergranular failure of the metal [45, 46, 47]. The rate on anodic dissolution, especially
in SCC, is highly dependent on the particular alloy, the corrosive environment, and the production
method. Because anodic dissolution operates through corrosive potential, the specific inclusions
and precipitates in the alloy determine the rate at which anodic dissolution can occur at maximum.
Certain alloys of 7XXX and 2XXX do not posses inclusions or precipitates with significantly cathodic inclusions, granting them an increased resistance to the corrosive attack. Additionally, even
with extremely different corrosive potentials, the corrosive fluid involved must be able to transport a large amount of ions. Pure water, for example, conducts incredibly poorly, and retards the
electrochemical transfer that dissolves the metal. Only when saturated with ions, such as when
mixed with significant quantities of NaCl, does the dissolution begin to occur rapidly. Since grain
boundary dissolution involves reactions with the precipitates, the lack of precipitates in a region
will typically slow the corrosion of that grain boundary. This weakens the grain boundary to mechanical defects, but drastically reduces the amount it can dissolve.

2.1.2

Hydrogen Embrittlement

The hydrogen embrittlement theory purports that the loss in ductility when hydrogen permeates
throughout the grain boundary region is the primary driving factor behind SCC. Hydrogen ions,
released as a product of corrosion alongside oxides, are present in excess quantities at inclusion
pitting sites on a corroding alloy. Some of the hydrogen is able to diffuse throughout the corroding
metal, primarily through grain boundaries in AA 7075 [48]. As hydrogen continues to permeate
and saturate the metal, hydrogen bubbles begin to reform in interstitial defects in the metal, which
quickly grow in both size and pressure. This mounting internal pressure in the voids of the metal
produces multiple sharp microcracks, which are able to quickly expand and cause an early failure in the metal. There is much evidence for hydrogen being one of the driving factors behind
SCC. It has been found that hydrogen bubbles are found in large quantities at the grain boundary
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regions in metals affected by SCC [7]. It has also been shown that intergranular cracking from
SCC can occur discontinuously, implying multiple points of simultaneous embrittlement characterized by hydrogen embrittlement [49, 42, 50]. It is still unknown whether the formation of these
microcracks outstrips the importance of anodic dissolution as the primary means of SCC failure
occurring. However, it is understood that embrittlement effects and damage outside of the grain
boundary region in interstitial are largely due to hydrogen effects [51, 52, 53, 45].

2.1.3

Film rupture

The film rupture theory is closely linked to the anodic dissolution theory. In the anodic dissolution
theory, when stress is applied during the electrochemical process, the potential for slip dislocations
is increased. This mechanism, termed anodic slip dissolution, produces regular intervals of slipping
deformation at the crack tip [54]. This slipping disturbs the protective film preventing significant
further anodic dissolution and exposes fresh metal. This metal quick corrodes and dissolves away,
weakening the metal and providing more slip opportunities. This effect also occurs at the surface,
where the anodic dissolution creates weakened spots in the protective aluminum oxide layer at
regions of thinner oxidation, permitting rapid corrosion of newly exposed surface area [55]. These
weakened spots primarily form around inclusions and grain boundaries, specifically exposed and
precipitate-free boundaries [56, 42].

2.1.4

Role of microstructural features

The effects of slip mode in the formation and propagation of the micro cracks that occur during
SCC require an understanding of the effect the microstructure has on a material’s susceptibility
to the corrosive attack. The compositional structure of the precipitates in the grains has been
highlighted in literature as a driving factor of the material’s susceptibility to SCC [57]. When
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a precipitate is able to shear, it is allowed to slip as well, which promotes the film rupture and
further anodic dissolution, and increases SCC speed and susceptibility. [53]. Similarly, while the
diffusion of hydrogen in aluminum is a traditionally slow process, dislocation transportation of
hydrogen ions drastically increases the rate at which the embrittlement effect occurs. This effect
exhibits itself on a visible scale with the presence of inclusions, which often feature drastically
different microstructure than the underlying aluminum. The presence of inclusions of differing
metallic compositions also creates secondary effects when exposed to a corrosive fluid. With the
dissolution surrounding the inclusions, which have very cathodic corrosive potentials compared to
the protective oxide layer and the underlying metal, small regions of severe attack begin to form.
These regions are characterized by small pits where the intensity of the corrosion has burrowed
out the majority of the surrounding aluminum. This pitting corrosive attack assists in exposing a
greater region of the metal to the corrosive fluid, and creates microcracks itself, which can propagate into the metal and initiate SCC. [58] These pits do not always continue to propagate, however.
Pit repassivation is a common occurrence in the corrosive attack. However, with the presence of
applied stress, the loss of these pits are outstripped by the extra exposed regions formed when the
material deforms. Grain structure can also modify the type of corrosive attack. In rolled alloys,
the grains are more intact and consistent, while extruded alloys grains have more variation and are
less consistently sized. This controls the grain boundary corrosion, and therefore the rate and form
of SCC. [59]

2.2

Types of failure

With a variety of different conditions, including grain orientations, the primary mode of metal failure can be subject to change with no other conditions modified. The classical form of SCC failure
is intergranular failure, where the cracks propagate through the weakened brain boundaries and the
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incredibly brittle failure occurs. However, in other conditions, such as utilizing pre-corroded or
charged samples, using a stronger grain orientation, or increasing the strain rate of the testing, the
mode of failure can be altered from intergranular to transgranular. This may occur only in certain
regions, such as near the edges, where high concentrations of hydrogen ions embrittle the edge, but
do not have a loading condition sufficient enough to transport the hydrogen deeper than the surface
level. [53] Similarly, if the stresses that occur are enough to cause a normal failure before the grain
boundary failure can occur, a transgranular or mixed-mode failure can occur. This can occur when
samples are notched, as the stress concentration provided creates enough stress in orientations that
do not permit or favor intergranular failure. This can also occur simply from the grain orientation,
where a loading condition applied to the rolling direction of the grains is not correctly oriented
for a failure to occur on these lines. [53] Failure that occurs by this method can still be subject
to the effects of hydrogen embrittlement, however, and can result in a reduced modification to the
mechanical strength of the metal without drastically altering the failure method.
Considering the complexities and interdependencies of the various theories that have been published in the literature, it is of importance to address the major gap in knowledge which is mainly
directed towards clarifying the underlying mechanisms of initiation and quantifying the impact
of the various parameters. This is necessary in order to design materials or treatment processes
that effectively provide resistance through methods that arrest the fundamental causes of impact.
The following chapters aim to address this via a suite of multi-scale and in-situ characterization
methods to achieve the necessary measurements.
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CHAPTER 3: DESIGN OF STRESS CORROSION EXPERIMENTATION

The design of stress corrosion experiments involve the complexity of combining stress application
with corrosion exposure. The goal of multi-scale measurements here is to enable fundamental
understanding of the initiation and propagation of corrosion that result from this complex environment. Typically, potentiodynamic polarization is used to extract intrinsic parameters that describe
the corrosion behavior of the test specimen such as corrosion potential, pitting potential, corrosion
current and corrosion rate [34]. These measurements provide important information on the macroscale or global response of the material to assess the overall response and provide guidelines for
material choice and exposure limits. However, it has been demonstrated that microstructural units
have a significant role in the initiation and propagation of SCC failures [60, 50]. In order to identify
the key initiation and propagation mechanisms in SCC, microstructural features such as size, coherence, volume fraction and distribution of strengthening precipitates, degree of recrystallization,
grain size and shape, crystallographic texture as well as the presence of intermetallic constituent
particles must be considered [41]. A multi-scale approach that aims to correlate selected measurements at varying scales has been developed for this work with the implementation of in-situ
measurements.

3.1

Aluminum alloy samples

The samples were made from AL 7075-T6 sheet having a grain structure of pancake-shaped grains
that are much thinner than their length and width. The large, well-defined grains are in the order
of 50 to 80 µm [61]. These large grains have an equiaxed appearance with a number of high-angle
junctions between the grain boundaries [59]. The rolling process required to fabricate aluminum
sheets cause the material grains to elongate in the direction of working, resulting in this pancake
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microstructure [9]. The elongated grain boundaries are usually retained during subsequent heattreatments and provide easy fracture paths, especially for SCC. The direction normal to the pancake microstructure ie. perpendicular to the shortest grain dimension, is called the short-transverse
direction, and SCC is favored when there are sustained tensile stresses in this direction [2, 62].
SCC failures are typical in components loaded in the the short-transverse direction. The stresses
in this direction are generated mainly by residual quenching stresses and fit-up stresses, the components are usually those fabricated from relatively thick products [1, 63]. However, some SCC
experiments are performed in other orientations, such as the longitudinal and long-transverse directions [64, 46, 65].
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Figure 3.1: A diagram of the sample dimensions and the test region.
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3.2

Corrosion exposure and standards

The preparation of the 3.5 % NaCl for SCC testing is in accordance with ASTM G44. The relative
pH of the solution for these tests are measured and ensured to fall between the acceptable range for
the solution pH of 6.4 to 7.2. Samples are exposed to the corrosive solution over a varying period
of time. Additional Reagent Type IV deionized water is typically added to the solution to replenish
the water lost by evaporation. After exposure, the samples are then rinsed with water to remove
the hygroscopic salt products to prevent further corrosion, as recommended by ASTM G44 [11].
One of the main standards used in the experiments is the ASTM G129-21 which provides procedures for the design, preparation, and use of axially loaded, tension test specimens specimens
for use in slow strain rate (SSR) tests to investigate the resistance of metallic materials to SCC.
Sample design is based on standard guidelines for mechanical testing in ASTM E8 [66] and that
recommended by the ASTM G129. The slow constant extension rate produces a gauge section
strain rate, which is usually in the range from 10−4 /s−1 to 10−7 /s−1 [10]. NACE standards provide similar forms of guidelines for SSR tests with some of them detailing the use of Digital Image
Correlation to Improve Stress-Corrosion Cracking Evaluation [67].

3.3

Stress application via Micro-tensile testing system

The advantages of the slow strain rate test include the limit to the time taken for the test in the
sense that mechanical failure will inevitably occur even if no SCC occurs, and the relatively severe
nature of the test, which means that it usually gives conservative results. As a result, failure due to
SCC is unlikely to occur in service if it does not occur in the test. The slow strain test is normally
applied to smooth tensile specimens, although pre-cracked samples may also be used [10].
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In this work, a miniature tensile testing system (Psylotech µTS) was identified as the appropriate
testing system for the SCC experiments to be conducted under in-situ conditions for the proposed
experimental effort. It is a compact, high precision mechanical loading frame that provides the ability to quantify the strength, yield, and toughness of materials and small structures on a microscopic
level. The system can be used to test various materials. Most importantly the system was designed
with the goal of integration with standard Digital Image Correlation (DIC) and Raman Microscopes, to work together and eventually synchronize mechanical property control/measurement
and imaging.
Most microscopes require minimum out of plane motion as you stretch a sample with a load frame
to prevent loss in resolution of images if mechanical motion is not minimized. Here, the system has
5 micron tolerances to reduce focus issues. Control of the loading is supported with linear servo
drive actuators and a direct driven precision Swiss ball screw. A simple single moving nut pushes
the middle crosshead back and forth as we command to minimize sample distortion (out of focus
images) under any microscope. The frame is only 2.5kg and light enough to have minimal impact
for integration to the Raman spectrometer system and for portability among measurement systems.
The frame offered the accommodation for appropriate sample sizes as well as the highest accuracy
and lowest minimum pull rate, which is essential for the required slow strain rate testing. The
load cell was chosen to match the expected range of potential samples as well as the sample sizes
for the proposed tests. The 1.6kN load cell option offered the highest resolution and maximum
stroke, while also providing a sufficient range for testing a variety of materials. The grips for the
Psylotech system were chosen to be clamp based grips. These grips allow for a wide variety of
sample designs to be used, are adjustable in grip pressure, and are height adjustable to reposition
the sample to focus microscopy measurements accurately. Figure 3.2 shows the design of the
overall µTS system along with the grip design.
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50 mm

5 mm

Figure 3.2: Microtensile system used for experimentation.

To verify system functionality and incorporate integration with DIC measurements, a strain rate
test of an aluminum sample was performed to obtain the mechanical properties of the material for
comparison with known data. The sample design chosen was an ASTM E8 dogbone shape. The
sample geometry is one of the most common testing specimen geometries with a large amount of
pre-existing literature utilizing the shape. The sample was scaled down to fit into the micro-tensile
load frame to facilitate future in-situ microscopy and Raman measurements of the sample while
being loaded. The sample was pulled at an initial gauge strain rate of 5X10−4 s−1 , or 10X10−6
m/s. DIC data was taken concurrently to establish time correlated data collection. Figure 3.2 shows
the sample geometry with a representative DIC data collected during the strain rate test along
with the applied stress-strain plot output from the testing system. The elastic modulus determined
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from the linear range of the stress and DIC strain verified the successful test in the linear region.
Experimental challenges of sample slippage was faced at higher loads. Due to the smooth gripping
plates and small sample size, the gripped regions of the sample have an increased propensity to
slip at high loads and during plastic deformation. To mitigate this, samples were prepared to
increase the friction coefficient of the gripped tabs, usually by sanding or the application of an end
tab. Additionally, the plates were torqued and subsequently re-torqued to their maximum gripping
pressure before and during hold times in the experimental pull. These solutions helped mitigate
the vast majority of the slippage, but further efforts to reduce the slippage are still underway.
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Figure 3.3: Data from the initial validation test of the Psylotech system.
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3.4

Digital image correlation

Digital Image Correlation, or DIC, is a non-destructive technique used to track the surface level
strain of a structure over a spatial area. Similar to an extensometer, the distance between two
distinct points is precisely measured and calculated to provide an accurate strain value. By applying
more points to the process, more calculations of strain in the regions between these points can be
obtained. By extending this to a field full of dots, the entire region encompassed by this spot
pattern can be track for strain values in any desired orientation. This is the fundamental theory for
DIC.
In order to facilitate accurate correlation, a pattern of distinct spots must be applied to the desired
surface. This dot pattern must contain some amount of randomness or noise, in order to accurately
track specific regions in the area. With a pattern too consistent or perfect, the amount of valid
transformations to correlate to, can be too much for the software to correctly handle, and will
produce erroneous values for strain. Thus, having a sufficiently randomized speckle pattern is
important in obtaining valid strain measurements. Similarly, it is important to utilize the correct
speckle pattern size when running DIC. Since DIC tracks the distance between dots as the primary
method of correlation, the region underneath the dots cannot be tracked, which effectively limits
the local spatial resolution to the maximum spot size in the speckle pattern. Likewise, with a dot
size that is too small, the distinguishing characteristics of each dot become less clear in the image,
creating correlation issues and introducing excessive noise to the end strain reading, sometimes
producing values of strain that are not present in reality. As such, it is important to correctly size
the speckle pattern, in order to produce valid results. Ideally, each spot is 3-5 pixels in the camera’s
resolution. As a result, DIC involves the use of high resolution cameras, aimed at minimizing the
spot size to increase theoretical resolution. Additional techniques to further increase the resolution,
such as with microscopy and other optical solutions, exist to utilize DIC on the micro and nano
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scale [26].
DIC speckle patterns are applied in a large variety of ways, each with their own benefits and drawback. Among the easiest and most effect speckle application techniques is a spray paint speckle. In
this method, layers of black and white spray paint are very lightly applied to the measured surface.
This technique is a cheap and effective at applying a high degree of randomness to the speckle pattern, with an adequate spot sizing. Another technique includes rollers with predetermined speckle
patterns, which produces a perfectly sized speckle every time, at a higher cost and with limited
area size. Other techniques for DIC at different scales exist as well, such as metallic etching and
nanoparticle doping for micro-scale DIC.
To verify system functionality and incorporate integration with DIC measurements, a strain rate
test of an aluminum sample was performed to obtain the mechanical properties of the material for
comparison with known data. The sample design chosen was an ASTM E8 dogbone shape. The
sample geometry is one of the most common testing specimen geometries with a large amount of
pre-existing literature utilizing the shape. The sample was scaled down to fit into the micro-tensile
load frame to facilitate future in-situ microscopy and Raman measurements of the sample while
being loaded. The sample was pulled at an initial gauge strain rate of 5X10−4 s−1 , or 10X10−6
m/s. DIC data was taken concurrently to establish time correlated data collection. Figure 3.3 shows
the sample geometry with a representative DIC data collected during the strain rate test along
with the applied stress-strain plot output from the testing system. The elastic modulus determined
from the linear range of the stress and DIC strain verified the successful test in the linear region.
Experimental challenges of sample slippage was faced at higher loads. Due to the smooth gripping
plates and small sample size, the gripped regions of the sample have an increased propensity to
slip at high loads and during plastic deformation. To mitigate this, samples were prepared to
increase the friction coefficient of the gripped tabs, usually by sanding or the application of an end
tab. Additionally, the plates were torqued and subsequently re-torqued to their maximum gripping
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pressure before and during hold times in the experimental pull. These solutions helped mitigate
the vast majority of the slippage, but further efforts to reduce the slippage are still underway.

3.5

Microscopy and Energy Dispersive X-ray spectroscopy

Scanning Electron Microscopy (SEM) micrographs and Energy-dispersive X-ray spectroscopy
(EDAX) measurements support the need to qualitatively and quantitatively ascertain the microstructure and chemistry of the samples under SCC. SEM micrographs provided additional high-resolution
qualitative analysis on pitting as well as other observed effects of corrosion, such as the degradation of precipitates over the exposure time. Meanwhile, EDAX measurements provided elemental
identification and mapping of the surface precipitates and their corresponding chemical compositions. Coupling EDAX with the SEM micrographs provides an overlay of the location of these
compositions spatially, giving insight on the surface precipitates as well as any oxide formation.
A ZEISS ULTRA 55 SEM was used to determine the composition of surface and grain boundary inclusions for the samples with a beam energy of 15 keV and magnitudes varying from 500 1000x. Each EDAX and SEM micrograph was comprised of a 2048 x 2048 pixel resolution. A
black organic carbon-based reference dot was used to identify the nearby regions of interest for
SEM and EDAX measurements. An acquisition time of approximately 10.5 minutes with multiple
accumulations was used during EDAX data collection to ensure highly refined elemental maps.
This acquisition time over several accumulations also limited potential difficulties in capturing
smaller intermetallic precipitates due to the large interaction volume of x-ray emission in the bulk
AA7075 material. Overlays of the individual elemental maps over the SEM micrographs were
achieved through post-processing imaging. Component composition maps were also created in
areas where these individual elemental maps significantly overlapped, corresponding to the elemental compositions of features across the sample surface, such as chemically identifying surface
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precipitates.

3.6

Raman spectroscopy

Raman spectroscopy provides specific information about a material’s chemical properties, including composition, phase, and concentration. A Raman spectrum is a distinct chemical fingerprint
for a particular molecule or material, and can be used to very quickly identify the material, or
distinguish it from others. As a nondestructive technique, it is used primarily to characterize materials. In addition, the technique is microscope and laser-based which makes it accessible for in-situ
data collection under loads or corrosive environments. Raman spectroscopy can also be used to
track stress and strain through the shift in spectroscopic peaks. This leads Raman spectroscopy
to be a valuable technique for understanding materials undergoing damage, as well as material
compositional change over time. However, Raman spectroscopy is a micro-scale measurement,
and it can be difficult to track macro level effects with this technique alone, and challenges can
occur when taking Raman data on convoluted or non-ideal specimens, making acquiring Raman
data from corrosion a tough challenge.
Raman spectroscopy utilizes the inelastic scattering effect of photons as the primary means of
generating data. When photons interact with a specific material, the affected molecule is elevated
to an energized state. After some time, the molecule loses this energized state, and scatters the
energy in the form of another photon. Usually, this photon is of the same state as the initial
excitation photon, and exhibits no useful change that can be observed. However, occasionally, the
molecule will remain in a slightly different energized state, via altered molecular vibration. Hence,
the emitted photon has been altered to a different wavelength. This change in wavelength is known
as Raman peak shift, usually denoted in wavenumber, or inverse wavelength.
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When collecting these emitted photons, peaks near the regions of specific photon transformations
form, creating a specific signature correlated directly to the material’s chemical bond. It is then
possible to scan an unknown material, and match the peaks emitted to known Raman data to identify the scanned material. This is useful for determining the formation of new oxides on a corroded
surface. Additionally, when certain materials undergo a stressed condition, the Raman shift of the
molecules changes very slightly. This creates a shifting effect in the Raman peaks, which may be
distinct enough to characterize consistently. By correlating this peak shift to a specific stress state,
a relationship between the two can be formed, indicating a quantitative presence of stress or strain.
This can be used to track the stress state of the material in-situ, or examine the residual stress state
of the material post loading.

3.7

In-situ experiment design

For in-situ studies, the system setup was then modified to incorporate a corrosion chamber to
enable the samples to be exposed to corrosive fluid. The corrosion chamber was designed to fit
around the region of interest on the E8 sample without contributing any interference with the
sample loading or data acquisition as shown in Fig 3.4. The primary design was a thin open top
container produced from a translucent resin-based composite. The design is easily scalable and
additively manufactured for rapid reproduction. The sample is placed through two small slits in
the side, and is sealed with O-rings and flexible polymer. The corrosion fluid chamber was fitted
with liquid tight seals on both ends to eliminate leakage of the fluid. The testing fluid of 3.5% NaCl
solution will be used as the corrosion fluid for the ongoing in-situ corrosion tests. To counteract
the effects of evaporation, the fluid will be replenished over time for the full duration of the test.
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Figure 3.4: Design of experimentation for in-situ measurement with 3D printed corrosion chamber enclosing a tensile sample. The system was integrated with DIC measurements and will be
integrated with Raman measurements in the future.

As mentioned previously, SCC requires the intersection of 3 major factors: a sufficient corrosive
environment, an applied stress condition, and an inherent material susceptibility to SCC failure.
Without all 3 of these conditions, the corrosive attack is not purely a SCC-based degradation. Often in practical applications, these conditions are met only partially, or inconsistently throughout
the duration of corrosion. For example, a pre-stressed metal that is corroded does not fully meet
the SCC definition, and a metallic part that experiences shock loading may occasionally experience SCC conditions regularly, but not for a majority of the time. The primary mechanisms behind
corrosion are still present in these conditions, but often not at the rates or consistencies that SCC
is characterized by. Occasionally, these conditions are referred to as Environmentally Assisted
Cracking (EAC), and are useful in studying the effects of the interaction between the three elements of SCC, and the change in rate of corrosion. To effectively characterize measurements from
these factors, the approach here was to apply individual factors while assessing and optimizing the
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measurement methods.
In the following chapters, several samples were studied in this systematic way. First a study of
surface chemistry with various characterization methods was conducted whereby samples were
exposed to corrosive fluid with no applied loading during the corrosion. These samples were
corroded with various exposures, in order to maximize the amount of corrosive attack while identifying specific regions in the sample for subsequent microscopy, EDAX and Raman analysis to
assess the quality of data. Following this, sets of tensile samples were pre-exposed and then pulled
to failure through SSR tests. Before and after pulling, the samples were scanned via ex-situ Raman,
SEM and EDAX, while in-situ measurements of DIC images were taken during the test. The basis
for an integrated and synergistic characterization study was developed in this research to enable
multi-scale measurements that capture the kinetic processes representing the underlying complex
SCC mechanisms.
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CHAPTER 4: CHARACTERIZATION OF ALUMINUM AA7075
SURFACE CHEMISTRY

A chemical composition analysis was initiated for the study of precipitates and their respective
inclusion sites, which are regions where pitting corrosion is very likely to occur due to the electrochemical potential differences between the inclusion and the bulk Al matrix. After reaching a
critical threshold, the pit transitions into a crack. Under conditions of stress, the newly formed
corrosion crack propagates throughout the material until failure. AA 7075 with a T6XX tempering tends to fail through intergranular corrosion cracking especially through very cohesive MgZnx
precipitates present along the grain boundaries of the aluminum. While a passive Al2 O3 layer
generally inhibits corrosion, defects present within this layer incite hydrogen embrittlement and
anodic dissolution to expose the bare aluminum and destroy the Al2 O3 Al interface. Precipitates
and their inclusion sites are common locations for these defects. This makes the inclusion and its
surrounding regions an area of interest in capturing the incubation and early stages of corrosion.

4.1

Sample preparation

Square Al 7075-T651 samples of dimension 20 x 20 x 6.35 mm3 were used for these corrosion
exposure surface chemistry experiments. These samples were cut from a 6 x 6 in2 plate, then were
polished with wet-sanding in an increasing grit size up to 10,000 grit. The surface of the samples
were subsequently washed with deionized water, cleaned with isopropyl alcohol, and dried. Optical
images were taken before and after polishing the samples, which can be seen in Figure 4.1, where
Figure 4.1(a) is the surface of the Al 7075-T651 sample before polishing, where surface shows
roughness inherent to plate manufacturing process and Figure 4.1(b) is the smoothed surface after
polishing. The globular dark spots on the polished aluminum are inclusion sites.
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Figure 4.1: Optical image of Al 7075-T651 surface (a) before and (b) after polishing

The corrosive fluid primarily used throughout all of the experiments is the 3.5 wt% NaCl solution
and was prepared as described by ASTM G44. The relative pH of the solution was 6.67, falling
between the acceptable range for the solution pH of 6.4 to 7.2. For these Phase 1 experiments with
only corrosion exposure, a single salt droplet of about 0.05 mL was applied by through a graduated
pipette to the center of the 20 x 20 x 6.35 mm3 sample. Samples are exposed to the corrosive
solution over a varying period of time. Every hour, additional Reagent Type IV deionized water
is added to the salt droplet to replenish the water lost by evaporation. After exposure, the samples
are then rinsed with water to remove the hygroscopic salt products to prevent further corrosion, as
recommended by ASTM G44.
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4.2

Raman Spectroscopy measurements

Raman spectroscopy provides high-resolution information on the mechanical and chemical properties of localized structures. Oxides and additional compositions that are present within corroded
Al 7075-T651 samples are expected to produce a Raman spectrum that superposes the emission
from each molecular structure present within the laser probed area. These series of peaks relating
to those particles can then be identified and by determining phase volume fractions correlations
can potentially be made to the corrosion rate.

Figure 4.2: Raman experimental parameters for Raman spectral measurements for the reference
sample (left) and the samples with exposure (right)

Micro-Raman spectral maps were collected on the 20 x 20 x 6.35 mm3 samples with the parameters
shown in Fig 4.2. These were spectral point scans taken across various points and features of
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multiple samples prior to being exposed to corrosion. Figure 4.3 displays an optical image and the
Raman spectra for the sample with no exposure to the NaCl solution taken on the surface of the
aluminum matrix, point A, and on a precipitate, point B. This measurement provided the baseline
spectra from which parameters for the hyperspectral Raman mapping would be better configured.

Figure 4.3: (a) Optical image of Al 7075-T651 surface at 20x objective with points A, on the
surface of the sample, and B, on a precipitate, marked and their respective Raman spectra (b) and
(c), respectively.

A 600 gr/mm grating size was chosen since expected oxide peaks and other corrosion products
that may form may appear in the extended Raman spectrum range. While this does reduce the
resolution between each recorded wavenumber, this approach is an initial effort to identify peaks
over a larger range. Higher resolution data will be collected once peaks of interest are identified.
For the corroded samples, an integration time of 20s was adequate time to fully capture any possible
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oxides present in sufficient enough concentrations. A 40 x 40 µm2 map with a resolution of 1 µm
in the lateral directions was sufficient to capture precipitates and their surrounding regions with
regards to potential pitting. Two of these exposed samples (48 hr and 72 hr exposure) are presented
here. Optical images of the selected precipitate before and after corrosion are shown in Figure 4.4.
Visually, changes in the surface can be observed. Most prominently in addition to the differences
in the precipitate before and after exposure is the discoloration around the precipitates, as a result
of localized pitting and the formation of corrosion products. This effect is important to the model
as it provides a benchmark of the initial conditions in which the effects of corrosion should be
observable in the model.

Figure 4.4: 20x Optical images of the 72 hr sample (a) before and (b) after exposure to the 3.5
NaCl solution with (c) a 40x optical zoom of the measured precipitate.

More in-depth monitoring of the precipitates within this 72hr period would show a more gradual
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development of the material’s evolution within a corrosive environment. Raman maps for both
48 hr and 72 hr exposure samples are shown in Figures 4.5 and 4.6. For the 48 hr sample after
exposure to corrosion, oxides and additional corrosion products are expected to form based on the
composition of the aluminum alloy nearby these precipitates. Figure 16 highlights the presence
of Hausmannite, a manganese oxide product, which is indicative of this effect and can serve as
a monitor of the material’s local micro-structural and stress concentration evolution as corrosion
occurs. These can then be incorporated into the model to track the corrosion rate of precipitates
during anodic dissolution. Figure 4.6 shows that within the inclusions, some Raman excited compositions representing various iron oxyhydroxide phases are present. After 72 hours of exposure,
these phases are eradicated from the sample as a result of corrosion. This provides a marker for
corrosion damage. Compositions such as these can track and monitor corrosion over time and can
serve as a benchmark in modeling regarding how the initial pre-exposure conditions of the material
have morphed over time through an input parameter of corrosion rate and precipitate dissolution
when exposed to a corrosive environment.
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Figure 4.5: (a) Raman spectra of the pre-exposed 48 hr sample and (b) the Raman spectra of the
same spot post-exposure.
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Figure 4.6: (a) Raman spectra of the pre-exposed 72 hr sample. A convolution of FeO(OH) phases
with (gamma)-FeO(OH) predominate, as indicative by the large 250 cm-1 peak and (b) the Raman
spectra of the same spot after 72 hr of exposure to the 3.5% NaCl solution.

With confocal raman measurements, the formation of oxides and other corrosion products as well
as their location with respect to a measured region can be monitored with higher spatial resolution.
The intensities of the spectra can be mapped as well as their associated Raman shift. The concentration and sensitivity of these formations can be indirectly inferred from the Raman shift spectral
maps. In addition, changes in the region’s micro-structure and surface properties as a result of corrosion exposure can be observed. Removal of the fluorescence background noise helps to isolate
the peaks from oxides and newly formed corrosion products. These compositions, their formation,
and the location of formation as a result of corrosion can be implemented into the model to monitor the development of corrosion during the corrosive fluid’s interactions with the aluminum alloy.
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These spectral maps provide both qualitative and quantitative results with spatial correlation. Qualitatively, the effects of corrosion can be observed through these maps. Taking the Raman spectra
for these maps, focusing on the location of these specific peak or small region will display the
location where these peaks were captured. Quantitatively, the effects of corrosion can be observed
through the evolution of these spectral points and their intensities over time. Any Raman excited
compositions such as different oxides that may have formed during corrosion as well as the eradication of compositions during exposure could be tracked and monitored, where their location and
concentration density can be measured. This provides a second variable for tracking corrosion rate
to be implemented into the model. This better elucidates both of these morphological changes over
the surface of the sample over time as a result of corrosion. Figures 4.5 and 4.6 demonstrate this
using the 250 cm−1 peak with the top row of data maps representing pre-corrosion results and the
second row of maps post corrosion. While no distinct effects are apparent for the 48 hr sample,
the eradication of the prominent 250 cm−1 peak is distinct in the 72 hr sample. This is presented
through the spectral map (Figure 4.6), which can be quickly assessed around the precipitate in this
case, and the evolution of this composition during and after exposure to the corrosive fluid. can be
tracked. The formation or eradication of various compositions could then be related to the early
detection of corrosion. The model can use the location of these measurable compositions relative
to the precipitate and the aluminum matrix to more accurately model the evolution of corrosion
and SCC and to what point corrosion initiation starts to occur.
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CHAPTER 5: PRE-CORROSION EFFECTS ON TENSILE BEHAVIOR
OF AN ALUMINUM ALLOY

The studies presented here were conducted to develop the characterization methods for in-situ DIC
in the eventual capture of SCC processes. Pre-corrosion was implemented in these tests to enable
the formation of corrosion pits and products in order to establish the optimal in-situ measurement
with DIC. It is known that pre-corrosion followed by loading in an inert environment will not result
in any significant crack propagation, while simultaneous environmental exposure and application
of stress will cause time-dependent subcritical crack propagation [68]. This approach is often
taken due to the lack of effective in-situ corrosion loading devices and characterization methods.
Research on the corrosion damage of aluminum alloys often focused on prior or alternate corrosion
and loading in recent years [33]. Crack initiation and small crack growth of pre-corrosion-pitted
aluminum alloy 7075-T6 under laboratory air and corrosive salt water environments have also
been studies for fatigue crack prognostics applications [25]. The results of this study provide
key directions and improvements in characterization parameters for optimal investigations that are
intended for future in-situ investigations.

5.1

Mechanical Testing with in-situ Digital Image Corrosion

The results of the mechanical testing with in-situ DIC on the pre-corroded samples are shown in
Figure 5.2. The stress strain curve for the uncorroded control sample is consistent, and shows a
ductile failure after 14% elongation. The sample corroded for 72 hours shows an almost identical stress strain curve, with a similar ductile failure and elongation percentage. These samples
demonstrated a Young’s Modulus of 68GPa, and an Ultimate Tensile Stress at 496 MPa. The 96
hour sample showed slightly altered material properties. Here, a lower ultimate tensile strength
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at 462MPa was observed, with a slightly higher Young’s Modulus, at 72 GPa. The sample also
showed less ductility, failing at 11.6% elongation. This indicates a mostly ductile failure, with
some minor embrittlement effects. These effects weaken the metal significantly, reducing its total
strength as well as significantly reducing the time to failure. The 96 hr exposure sample failed
more than 30 seconds earlier than both the 72 hr and the control samples, a 20% difference.

t = 150s

Control

t = 144s

72 Hr Exposure

t = 119s

96 Hr Exposure

εyy
mm/mm

Figure 5.1: DIC Analysis of the samples immediately before failure. Strain maps show a consistent
necking and ductile failure in the test section, with variation in the strength of the 96 hr sample.
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Looking at the samples visually, all showed classical signs of ductile failure, including a significant
necking region where the sample failed, and a 45 degree shear failure. As seen in 5.1, the control
and 72 hr exposure samples lose a significant amount of DIC speckle during their ductile failure.
However, on the 96 hr exposure sample, there is almost no loss of DIC speckle. This indicates
a slightly different failure method, where an embrittled edge failed first, followed by a typical
ductile failure immediately afterward. Analysis of the DIC showed a consistent strain intensity at
the necking region, peaking at .35 strain in the 72 and 0 hour exposure samples, and .28 strain in
the 96 hour exposure sample. This corresponds with the non-standard failure as compared to the
typical failure in the control and 72 hr exposure samples.
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Stress vs Strain
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Figure 5.2: Stress-strain curve obtained comparing the 0 hr (yellow), 72 hr (blue), and 96 hr
(orange) exposure times. The control and 72 hr sample showed very similar mechanical properties matching literature for AA 7075-T6, while the 96 hr exposure sample shows lower ultimate
strength, and earlier failure strain.
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Stress vs Strain
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Figure 5.3: A closer look at the linear elastic portion of the engineering stress strain curves for the
0 hr (yellow), 72 hr (blue), and 96 hr (orange) exposure times, fitted linearly. The 96 hr sample
has a slightlyy different properties than the control or 72 hr samples. This can be attributed to the
embrittling effect on the edges of the sample.
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Figure 5.4: A noisy Raman spectrum. The only distinguishing feature is the large peak around
100cm−1 , which is almost always present in Raman scans.

5.2

Raman Spectroscopy

Before and after testing the samples, Raman data was acquired at inclusion sites, where oxides
would be likely to form, and at various regions along the sample, where a general background scan
could be obtained. In the scans of regions without any surface level inclusions, or only generic
corrosion, the Raman readings obtained were incredibly noisy and showed very few, if any, peaks.
In particular, the background noise, overpowers any peaks that form because of oxides or other
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precipitated materials. An example of this background spectrum is shown in 5.4. This is in part
because of the objective size of 50x used on the micro-Raman system which can only focus to
a minimum of approximately 5-10 micrometers. With this limited to this scale, the background
noise was significant and disrupted minor peaks from being visible at all, while hiding many major
peaks. Additionally, once the samples were corroded, uneven and inconsistent surface oxides
diffuse a majority of the excitation laser to a wide area, sometimes up to 30 micrometers. This
greatly reduces the ability to focus effectively on the surface and limits the amount of good data
being received by the system in a typical map scan. Ideally, taking further measurements with
a system capable of observing sub-micrometer sized regions while refocusing to accommodate
the uneven surface would be ideal to fully capture the desired peaks. The revelation of these
challenges will lead to more effective optimization of data collection during the future planned
in-situ measurements.
In select regions, some distinct oxide peaks were captured, specifically around inclusions that
had not been completely corroded. In the 72 hr corroded sample, 3 distinct peaks formed, at
95, 249, and 505 cm−1 . These peaks, mostly primary peaks, are most likely to be the gammaphase iron hydroxide lepidocrocite, zinc-based oxide, and a silicon based oxide. On the 120 hour
corrosion sample, these same peaks were found. The intensities of the peaks varied in magnitude
and relationship to each other through the Raman scans, verifying the distinct nature of these
peaks. Additionally, in clearer Raman scans, an additional wide peak near 900 cm−1 can be seen,
similarly corresponding to silicon-based oxides.
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246

98

Figure 5.5: Two Raman scans of an oxide-rich region in the 72 hr exposure sample. Both scans
detect the zinc oxide and silicon based peaks, while the less noisy plot also shows the lepidocrocite
peak, along with secondary silicon peaks.

515

249

515

249

Figure 5.6: Two Raman scans of an oxide-rich region in the 120 hr exposure sample. Both scans
detect the lepidocrocite and silicon based peaks, although each scan has a different concentration
of oxide, as seen by the drastic change in peak intensity relative to each other.
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The general Raman results points to the ability to identify and monitor specific oxides where the
phase volume fraction may be used for determination of corrosion rate based on the changing
chemistry. Important characterization deficiencies identified that must be addressed for successful
in-situ studies include the need for higher resolution to correlate the low volume of corrosion
products and the need for better correlation of chemistry with spatial locations.

5.3

Energy Dispersive X-Ray Analysis

To observe the chemical composition of the samples, EDAX measurements were taken of the samples, before and after testing. EDAX provides information on the generic atomic composition
of the scanned material, and breaks down the composition into specific regions of unique compositions as shown in Figure 5.7. This is useful for identifying oxides, which have significantly
different compositions that the underlying metallic substrate, and can be identified. It is also useful
for identifying specific inclusion site compositions to predict or determine the oxides that will form
at the specific region. This analysis also breaks the scanned region down into several components,
each with a distinct area of higher concentration, and the composition of the components. This
is very useful for identifying the specific composition of precise regions within the scan that the
general scan is not capable of producing without extremely fine zoom. Figure 5.8 highlights some
of these regions, where specific inclusions are separated into distinct maps.
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Copper Oxide

Copper
Inclusion

SEM of Area of Interest

Oxygen (red) mapped to SEM

Copper (red) mapped to Oxygen map

Figure 5.7: A plot of an area of interest on the 72 hr exposure sample. The leftmost image is an
SEM imaging of the region post testing. The middle image overlays location of high oxygen concentrations onto the SEM image, highlighting where the oxides exist on the surface. The rightmost
image overlays a map of copper onto the oxygen map, showing where copper inclusions are and
where copper based oxides are present, based on the overlap.
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Figure 5.8: EDAX Component Maps of the region of interest. The material is characterized into
distinct regions, where the spectral curve for that region is shown. This highlights the metal substrate, the general oxide layer, and specific inclusions and the oxides they produce.

The overall composition of the samples was taken at several scales to determine the overall level
of oxidation. The results of this are shown in Figure 5.9. Here, a consistent increase in oxygen
levels corresponds with increasing oxidation with increased exposure time. The blue region, which
covers the entire region, showed a consistent increase in corrosion, but the smaller sampled regions,
shown in orange, reveal that this corrosion is not evenly distributed, and that certain regions within
52

the corrosion will be more pronounced, and therefore more likely to cause failure.
Oxygen Atomic Percentage of Test
Region
50%
40%
30%
20%
10%
0%
Uncorroded

72 Hours

96 Hours

120 Hours

Oxygen Atomic Percentage of Sampled
Subregion
50%
40%
30%
20%
10%
0%
Uncorroded

72 Hours

96 Hours

120 Hours

Figure 5.9: Oxygen content for control and precorroded samples in test region (blue) and selected
region (orange).

The rate of corrosion was extracted from this data, and plotted in Figure 5.10. From 72 to 120
hours of exposure, the samples oxidized at a rate of 0.108% per hour.
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Figure 5.10: Two different curve fittings of the oxygen content for the test region composition,
used to predict the rate of further oxidation on the sample.

Utilizing the EDAX, mappings of specific inclusion regions are produced, allowing for understanding of specific compositions in the sample. An example is shown in Figure 5.7, which shows the
mapping of Oxygen in the scanned area, and a secondary mapping which shows where Copper
is present in the Oxygen rich regions. This allows for spatial tracking of specific oxides, which
is important for correlating Raman and DIC with EDAX to determine the precise composition of
these corrosive products.
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5.4

SEM Microscopy

The microstructure of the samples post failure was visualized using SEM microscopy to obtain
high fidelity images of the damaged region shown in Figure 5.11. The images were taken from
a full macro view of the entire sample cross-section to a 5000x zoom with sub-micrometer resolution. The control sample and 72 hours corroded samples both showed typical signs of ductile
failure in metal, with a consistent cup and ball dimple pattern present throughout the entire region.
In addition to this, in the 72 hr sample, intergranular delamination occurred, showing some initial
signs of corrosive degradation. The 96 hour corroded sample showed similar ductile fracture microstructure in the center of the sample, but also contained regions of brittle fracture at the edges
of the sample. This is evident with the presence of smooth, rocky regions where the metal broke
cleanly without much deformation. This brittle region likely caused a stress concentration after the
initial brittle regions, and accelerated the ductile failure of the rest of the sample. Furthermore, the
brittle edge of the sample formed on the unpolished side, which had more surface defects than the
polished side, leading to a quicker degradation. Additionally, intergranular fractures are visible in
the brittle region, indicating a definite failure along the grain boundaries, which were weakened by
the corrosive environment. These embrittlement effects, especially near the edges, are consistent
with those seen in literature describing hydrogen pre-charged samples [53]. Without a stressed
condition while corroding, the corrosive mechanisms are limited to a surface deep attack at most.
To determine if the weakening in the 96 hr sample was an effect of cross section reduction by the
embrittlement effect, an analysis of the reduced cross-section strength was performed. Assuming
that the embrittled edge was weakened evenly along the entire sample edge, the entire depth of
the failure region was weakened, and that the brittle region provides no mechanical strength, an
analysis for the reduced cross-section expected strength can be calculated. With a 80 µm reduction,
the minimum cross-section of the sample is reduced by 11.59%. This cross-section produces a
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Young’s Modulus of 72 GPa, and an UTS of 460MPa. This is higher than the expected mechanical
strength of a purely ductile sample with the reduced cross section, indicating that the embrittled
region provided some limited mechanical strength to the sample, although less than the uncorroded
interior ductile metal.
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Figure 5.11: Scanning electron microscopy of precorroded samples, 0 hr (left), 72 hr (center), 96
hr (right), at different scales: 100 µm (top), 10 µm (center), 1 µm (bottom). The control and 72 hr
samples show signs of purely ductile failure along entire cross-section. The 72 hr sample shows
some sign of delamination occurring throughout the sample. The 96 hr sample shows primarily
ductile failure in the center of the sample, but a brittle failure toward the edges, where the corrosive
fluid could effectively operate. This edge region is primarily brittle failure.
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK

6.1

General conclusions

It is shown that the suite of tests developed in this report produce valuable and multifaceted data
on the tested AA 7075 alloy. The mechanical properties of the tested samples matched that of
prior literature, as were the reductions in material strength due to corrosion. The spatial mapping
of the sample through DIC and EDAX were successful in correlating the relevant data and examining regions of interest both compositionally and mechanically. However, for successful in-situ
data to be achieved, additional efforts must be taken to integrate the tensile testing system with a
sample exposed through a corrosion chamber. The ability to achieve higher spatial resolution in
the DIC measurements will also support an understanding of the concentrations of strain in the
process of SCC. The Raman data, combined with EDAX compositional measurements, identified
and highlighted some specific chemical signatures in the highly corroded areas. However, an important outcome from the Raman studies was the need for higher resolution and spatial correlation
to leverage the potential of this technique to quantify the kinetic chemical processes that track
the initiation and progression of SCC. The SEM imaging confirmed the existence and extent of
corrosive damage on the affected samples, and indicated the primary areas affected specifically
highlighting the effect of SCC on the embrittlement of the sample.
By utilizing the suite of techniques developed in this report, a both broad and detailed understanding and analysis of the corrosive attack mechanisms can be studied and understood both in an
in-situ and ex-situ manner. With these capabilities, full regimes of SCC experiments to examine
multiple different controlling variables that affect SCC, including observing the effect of strain
rate on the development of SCC, the effects of grain direction, corrosive environment, and material selection, can provide sufficient data at multiple scales in order to fully characterize the SCC.
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This data can furthermore be used to develop constitutive models designed to predict and simulate
SCC. With these models developing, techniques for mitigating the corrosive wear on affected surfaces and developing targeted treatment and maintenance practices can be optimized to extend the
practical life of these aerospace structures.

6.2

Future work

Future experiments will include tomography tests for obtaining 3 dimensional mappings of crack
propagation. Synchrotron tomography experiments have been planned to capture the early crack
formation and development at the 2-BM line in Argonne National Laboratory. Special tomography
frame measurements will utilize cylindrical samples, as seen in Figure 6.1. These cylindrical
samples are preferred for Tomography measurements because the X-ray beam will impinge onto
the sample while the sample slowly rotates. This will provide a 3D image of the probed volume
during data collection. Therefore a cylindrical sample would ensure a uniform probed volume and
the image will not be distorted by increasing or decreasing interaction volumes that would occur
in a more rectangular or square cross-sectional area sample.
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Figure 6.1: The currently designed Tomography frame for use in future experiments at the 2-BM
beamline using synchrotron x-rays.

The tomography frame was designed for integration with the beamline 2-BM at Argonne National
Laboratory. The loading apparatus has been designed to be completely axially symmetric. This
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serves to accomplish multiple goals. First, the design allows for more even scanning in the tomography frame, with no dead zones provided by frame interference. Secondly, the use of threaded
samples with loading bolts ensures proper alignment for the entire test during loading.
The frame is made of two identical circular loading plates, with a loading bolt hole in the center,
and two notches on the inside. The outer notch seats the clear sleeve, and the inner notch allows
for fluid collection in the event of a leak, to prevent equipment damage. The outer sleeve is a
clear PET-G plastic, which is strong enough to completely bear the loading while also providing
minimal noise to the scan.
The sample for this system is a circular dogbone shape, with a very thin cross section and extended
gripping sections. This thin section is less than 2 mm in diameter, which is small enough to fit
completely in the tomography scan window. This thin section will have a small 0.5 mm pitting
hole to create a stress concentration and provide a known initial site to observe the SCC initiation.
Outside of the Region on Interest, the sample elongates into thick end tabs, where the loading bolts
attach and pull the sample. The connections will be sealed with epoxy to prevent any extra contact
with the corrosive fluid to other metallic surfaces.
After calibrating the load frame displacement required to produce the appropriate force, the sample
will be placed into the corrosion chamber and fitted into the load frame. The samples will be pulled
and held long enough to allow for all scans to occur for a few hours. It is anticipated that these
measurements will support efforts to distinguish the specific SCC mechanisms and their impact on
overall material degradation.
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